Oxidation of veratryl alcohol by laccase in the presence of ABTS (2,2'azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) yields veratraldehyde, but differs to the reaction catalysed by lignin peroxidase (LiP) because ring-opened prodticts and quinones associated with the reactivity of radical cation intermediates are not formed. The laccase-ABTS couple is also unable to oxidise 1,4-dimethoxybenzene to benzoquinone. Similar results were obtained using horseradish peroxidase (HRP) and ABTS with H 2 O 2 s oxidant. These data favour the view that the mechanism of the ABTS-coupled reaction does not involve radical cation formation and that the reactivity of laccase-ABTS is not equivalent to that of LiP. Similarly, no evidence for radical cation formation could be obtained when syringaldehyde was substituted for ABTS. It is suggested that the reactivity observed toward non-phenolic lignin model compounds with these enzyme-coupled Systems involves a hydrogen atom abstraction mechanism. The importance of oxidation via hydrogen atom abstraction in lignin degradation remains to be elucidated.
Introduction
White-rot fungi are potent lignin degrading microorganisms, producing lignin peroxidases (LiP), manganese-dependent peroxidases (MnP) and laccases in the course of extracellular lignin degradation (Higuchi 1990 ).The actual mechanism of these enzymes and their role in the process of lignin biodegradation is still under active investigation . Whereas both MnP and laccase are limited to oxidising phenolic compounds, LiP is remarkable in its ability to oxidise nonphenolic lignin model substructures s well. In recent years, much insight has been gained in the mechanism of LiP-catalysis (for a review, see Schoemaker 1990) . One-electron oxidation of electron rieh (e.g. methoxylated) aromatic Systems by LiP to form radical cations (Kersten et al. 1985) can result in a number of ensuing reactions, like C a -oxidation, C a -C -cleavage and (β-Ο-4) ether bond cleavage .The latter two examples represent depolymerisation reactions. This ability to oxidise non-phenolic Systems makes LiP a more effective delignifying agent than the phenol-oxidising enzymes, MnP or laccase. Recently, reports have appeared on the oxidation of non-phenolic Substrates by laccase in the presence of catalytic amounts of ABTS or of syringaldehyde (Bourbonnais and Paice 1990; Kawai et al. 1989) .This has led to the Suggestion that laccase could play a role in depolymerisation "equally s significant s that of LiP" (Bourbonnais and Paice 1990) . In this paper we have compared the mechanism of catalysis of LiP with that of the laccase-ABTS couple. We show that the oxidation of non-phenolic compounds by the laccase-ABTS couple and the laccasesyringaldehyde couple, unlike the mechanism of oxidation by LiP, does not proceed via radical cationic intermediates. The significance of laccase in the process of lignin biodegradation remains to be established.
Material and Methode

Enzyme preparation
Laccase was prepared according to Fahreus and Reinhammer (1967) except that it was concentrated from the extracellular medium by baten ion-exchange chromatography (DEAE-cellulose). Laccase was also supplied s a kind gift of Dr. M. Leisola from Cultor Ltd, Finland. The enzyme activity was determined spectrophotometrically using ABTS s Substrate, l U was defined s the amount of enzyme which oxidises Ιμιτιοί ABTS per min.
LiP was prepared and purified according to Glumoff et aL (1990) . l U oxidises Ιμιηοΐ veratryl alcohol per min. Horseradish peroxidase (HRP) was purchased from Sigma Chemical Co. and the enzyme activity determined s for laccase.
The normal reaction mixture contained 0.8 mM mediator, 3 mM test Substrate, 0.1 M sodium acetate, pH 3.5 and 0.1 U ml" 1 laccase. Alternatively, 0.1 M sodium tartrate, pH 3.0 or acetate buffer pH 4.0 or 5.0 were used. The concentrations were reported to be optimal (Bourbonnais and Paice 1990) . Reactions with HRP contained either 0.2 U ml~l or 0.4 U ml" 1 enzyme with 0.45 or 1.0 mM H 2 O 2 , respectively. Reactions with LiP used 0.15 U ml" 1 enzyme and 0.45 mM H 2 O 2 . As mediators, ABTS or syringaldehyde were tested. As Substrates, veratryl alcohol, dimethoxybenzene, homoveratric acid and α-benzyl veratryl alcohol were used. The latter one was used at lower concentrations of 0.1-0.4 mM because of its low solubility.
The reactions were normally analysed after 24 h by HPLC. Products from the rea^tjon mixture containing the dimeric compound, α-benzyl veratryl alcohol, were extracted with methylene chloride. The extracts were dried under nitrogen and analysed. Samples from other reactions were injected directly after filtration through a 0.45 μπι pore size filter.
Reversed phase HPLC was performed using a C 18 column, eluted isocratically with either 50% acetonitrile or 40% methanol or with a gradient (Schmidt et al. 1989 ) with a flow rate of 1.0 ml min" 1 .
Results and Discussion
ABTS s a mediator
Laccase, a phenoloxidase produced by various whiterot fungi, will oxidise similar Substrates s MnP and HRP Higuchi 1990 ). However, in contrast to LiP, laccases are not able to oxidise non-phenolics with a higher electropotential than E 1/2 = 1.06 V (versus a saturated calomel electrode) (Kersten et al. 1990) . Veratryl alcohol, a common assay Substrate for LiP (Tien and Kirk 1984) , has a electropotential of 1.22 Vand is not oxidised by laccase (Fawer et al. 1991) . The LiP-catalysed reaction yields veratraldehyde 2 together with variable amounts of quinones 3 and 4 and ring opened products 5, resulting from attack of water and oxygen or active oxygen species on the initially formed radical cation of veratryl alcohol (Haemmerli et al. 1987; Schmidt et al. 1989) .
In confirmation of the report by Bourbonnais and Paice (1990) , it was found that laccase alone was unable to oxidise veratryl alcohol, but in the presence of ABTS, a common peroxidase and phenoloxidase assay agent, veratryl alcohol l was oxidised quantitatively to veratraldehyde 2 (see Fig. 1 ). However, in the reaction catalysed by laccase-ABTS, we found neither quinones nor ring-opened products.The same results were obtained when the reaction mixture was flushed with oxygen or when the reaction was catalysed by HRP, which needs H 2 O 2 for regeneration.
Oxidation of ABTS by either laccase or HRP proceeds rapidly and is completed within a few minutes. However, Figure 2 shows that the'coupled oxidation of veratryi alcohol took place over several hours, with the extent of conversion dependent on the level of enzyme supplied. When ABTS" 1 " was isolated from laccase by filtration and mixed with veratryl alcohol, veratryl alcohol was not oxidised to a major extent. However, addition of laccase back to the mixture of isolated ABTS + " and veratryl alcohol now resulted in the significant formation of veratraldehyde. When 3 mM of Mn(III)-acetate was added to a mixture of ABTS (0.8 mM) and veratryl alcohol (3 mM), an immediate formation of the ABTS" 1 " -radical cation was observed, but only a minor amount of veratraldehyde could be detected after several days of incubation. Figure 3 shows that the pH Optimum of the reaction was pH 3, similar to that of the LiP-catalysed oxidation of veratryl alcohol, but dissimilar to the normal pH Optimum for laccase-catalysed reactions (pH 5).
In Figure 4 the dependence of the rate of veratryl alcohol oxidation on the concentration of the enzyme is shown, indicating that it is indeed an enzyme catalysed reaction. However, relatively high amounts of enzyme are needed for an appreciable rate and yield.
The oxidation of veratryl alcohol by LiP has been described in terms of the enzymic production of radical cations followed by further non-enzymic reactions (Harvey er 0/. 1985; Gtiardietal. 1990 ). However, oxidation of veratryl alcohol can also be envisaged in terms of the abstraction of a C a -hydrogen atom to form a hydroxy-substituted 3,4-dimethoxybenzyl radical which is further oxidised directly to veratraldehyde. The data obtained so far for the ABTScoupled enzyme Systems strongly suggested that oxidation of veratryl alcohol did not involve formation of the veratryl alcohol radical cation intermediate and therefore differed to the mechanism used by LiP. To test this hypothesis, experiments were designed based on the oxidation of 1,4-dimethoxybenzene 6. Oxidation of this compound by LiP has been shown to proceed via an ESR-detectable radical cationic intermediate to form benzoquinone 7 (Kersten et al. 1985) . Using the laccase-ABTS mediated reaction, dimethoxybenzene was not oxidised. This result supported the view that oxidation of veratryl alcohol by the ABTS-coupled enzyme Systems does not involve a radical cation intermediate. However, when the LiP catalysed oxidation of 1,4-dimethoxybenzene was studied in the presence of ABTS, although ABTS was oxidised, benzoquinone formation was not observed either. As a control, the LiP catalysed oxidation of veratryl alcohol in the presence of ABTS was therefore studied. Although veratraldehyde was formed, the yield was low compared to the level of H 2 O 2 supplied and veratraldehyde was now the sole product; neither quinones (3, 4) nor ring-opened products 5 could be detected. These data may be explained by supposing that, similar to the oxidation of phenolic compounds , ABTS is preferentially oxidised by LiP compared to veratryl alcohol or dimethoxybenzene, but results in the formation of the catalytically less reactive redox state known äs compound III (Schoemaker 1990) . Products are observed in the case of veratryl alcohol by reaction with ABTS" 1 " or reactive reagents derived thereof, but not in the case of dimethoxybenzene, similar to the laccase-ABTS couple described. Radical cation formation is an essential condition for important LiP-catalysed depolymerisation reactions like C a -Cß-cleavage and ß-O-4 ether bond cleavage (Muheim et al. 1990) . The inability of the laccase-ABTS couple to catalyse benzoquinone formation 124 A. 
Syringaldehyde äs a medialor
Apart from ABTS, syringaldehyde 16 has also been reported to act äs a mediator in the laccase-catalysed oxidation of veratryl alcohol (Kawai etal. 1989 ). However, when this compound was substituted for ABTS in the experiments described above, less than 1% of veratryl alcohol was oxidised to veratraldehyde. This low conversion was not enough to accurately investigate the possible formation of quinones 3 and 4 and ring opened products 5. Thus, no direct evidence on the formation of a radical cationic intermediate from veratryl alcohol could be obtained. However, it was reported that the ß-l dimeric model compound 14 tested (Kawai et al. 1989) was not cleaved to form 3,4,5-trimethoxybenzaldehyde, in contrast to the oxidation of this compound with LiP, indicating that the mechanism for the laccase-syringaldehyde couple does not involve radical cationic intermediates. from 1,4-dimethoxybenzene strongly suggested that this system would not catalyse the same bond cleavage reactions äs LiP. To test this idea, the oxidation of the dimeric lignin model compound l-(3,4-dimethoxyphenyl)-2-phenyl-ethane-l-ol 8 (a-benzylveratryl alcohol) was studied. Veratraldehyde was not observed in the ABTS-mediated reaction using a detection limit of less 10 nmol, whereas in the LiP catalysed reaction veratraldehyde is formed äs a result of C a -Cß-cleavage.The laccase-ABTS couple has been reported to mediate the oxidation of a ß-O-4 lignin model compound, l-(3,4-dimethoxyphenyl)-2-(2-methoxyphenyl)-propane-l,3-diol 9 (Bourbonnais and Paice 1990) . In contrast to the oxidation of this compound with LiP, no evidence was obtained for ß-O-4 ether bond cleavage or C a -C ß -cleavage by the laccase-ABTS couple. Instead, only a C a -oxidised product, l-(3,4-dimethoxyphenyl)-2-(2-methoxyphenyl)-3-hydroxy-l-propanone 10 was isolated, possibly being formed after C a -hydrogen atom abstraction and further oxidation to the ketone. Bourbonnais and Paice (1990) also found that the laccase-ABTS couple mediated the oxidation of l-(3,4-dimethoxyphenyl)-2-phenylethanediol 11 to form veratraldehyde 2 and benzaldehyde 12 upon C a -Cß-cleavage. Using 3,4-dimethoxyphenylacetic acid 13 (homoveratric acid) we found evidence of C a -C ß -cleavage in that homoveratric acid was decarboxylated to form veratryl alcohol and ultimately veratraldehyde äs the products. Decarboxylation of this compound has been described äs a result of LiPcatalysis involving a radical cationic intermediate (Muheim et al. 1990; Harvey et al. 1986 ). Since radical cation formation induced by the laccase-ABTS couple appears unlikely, the elucidation of the mechanisms of the oxidation of compounds 11 and 13 has to await further investigation.
Conclusion
Our results indicate that the laccase-ABTS couple does not have the same reactivity äs LiP. It does not lead to radical cation formation, äs can be inferred from the results with 1,4-dimethoxybenzene 6, the ß-1 dimeric model 8 and the --4 dimeric model 9. Also the lack of side product formation in the veratryl alcohol oxidation is indicative of a mechanism that does not involve radical cationic intermediates.
Most of the results can be explained assuming a hydrogen atom abstraction mechanism. In the case of veratryl alcohol and the ß-1 and ß-O-4 dimers hydrogen atom abstraction from the Opposition will lead to hydroxy-substituted benzyl radicals, which are subsequently oxidised to the corresponding aldehyde or ketone functionalities.The mechanism of homoveratric acid 13 oxidation and the mechanism by which l-(3,4-dimethoxyphenyl)-2-phenylethanediol 11 is cleaved are still not clear at the moment. However, specific cleavage reactions, possibly induced by hydrogen atom abstraction äs in the MnP-glutathione System , are clearly possible.The importance of cleavage reactions induced by hydrogen atom abstraction in lignin degradation remains to be elucidated.
